This paper is dedicated to Professor P. Joseph-Nathan on the occasion of his 65 th birthday.
During the course of our studies on secondary metabolites of Umbelliferae (Apioideae), we have found in several species of Elaeoselinum important amounts of tetracyclic diterpenoids with kaurane, beyerane and atisane skeletons [1] .
Kaurenoids are reported to have diverse biological properties, including phytohormonal activity [2] , and it is known that these tetracyclic diterpenoids are the biological precursors of gibberellins, natural phytohormones widely distributed in plants [3] . The presence of the tetracyclic diterpenoids in the above mentioned umbellifers, led us to think that perhaps the metabolites we have isolated could also show phytohormonal activity either directly or as precursors of gibberellins. As a result, several samples were subjected to standard, established bioassays to test their activity [4] . We found than some diterpenoids had phytohormonal activity even better than that of gibberellic acid (GA 3 ) and we concluded that the presence of hydroxyl groups in ring B of the natural diterpenes enhances the activity, perhaps as a precursor of substances with the cylopentanecarboxylic moiety, as present in the gibberellins.
In order to increase the value of the umbellifer diterpenoids and to verify if our hypothesis was correct, we have attempted the chemical transformation of gummiferolic acid (1), a natural tetracyclic diterpene isolated from Margotia gummifera (Desf) Lange (Elaeoselinum gummiferum (Desf) Samp.), into gibberellin-like derivatives with a perhydrofluorene skeleton, named atisagibberellins [5] , through contraction of ring B after it has been conveniently functionalised (Scheme 1). and basic [6a] , Favorskii [6b] , and benzylic [6c] rearrangements, for which good leaving groups with an appropriate stereochemistry should be placed on C-6 and C-7, keeping in mind that the exocyclic double bond C-16 can interfere.
To test if the above methods for ring contraction are suitable for our substrate, the exocyclic double bond was firstly hydrogenated and the resulting 1:1 mixture of epimers was then functionalised at the C-6 and C-7 positions (Scheme 2).
Once hydrogenated, ketone 2 was oxidized with Pb(OAc) 4 to the acetoxyketoester 3 and the enone 4. We first transformed the acetoxyketoester 3 into the mesylates 5 and 5' that should contain the mesyl leaving groups anti respect to the C-5-C-6 or C-7-C-8 single bonds, as required for the ring contraction. However, the alcohols obtained by hydrolysis of these acetoxymesylates with KOH/MeOH in the open air did not rearrange to the 5-membered cycle skeleton, as expected, but progressed to the epoxides 8 and 8'. The α-epoxide 8 was then transformed into the iodoketone 9 and subjected to Favorskii conditions, but unfortunately the reaction product was the methoxyketone 10 instead of the desired cyclopentanecarboxylic acid derivative.
The enone 4 above mentioned was treated with RuCl 3 /NaIO 4 to give the hydroxydiketone 12, a substrate suitable for an intramolecular benzylic type rearrangement. In this case, the reaction with NaH should form an oxoanion on C-5 that attacks the C-7 carbonyl group and rearrange to the β-lactone 13 in 78% yield. This lactone was unstable and decarboxylated at room temperature to the perhydrofluorenone 14. Addition of Ac 2 O to the crude reaction product before the work-up let us isolate the stable acetoxyderivative 15; spectral data confirmed the proposed structure and the success in the ring contraction. The ketone 14 is a suitable intermediate for the synthesis of the desired atisagibberellaldehydes 19 and 20.
According to literature precedents [7] , an alternative to the acetoxymesylates 5 and 5' as starting substrates for the pinacolinic basic rearrangement could be the 7α-mesyl-19,6α-and the 7α-mesyl-19,6β-lactones. When either the trans-diol 7 or its precursor, the 6β-acetate, was treated with KOH/ t-BuOH in the open air, followed by addition of MsCl, the 6β-lactone 18 was formed. Further reaction of this lactone in refluxing KOH/t-BuOH also gave the β-epoxide 8'. The cis-diol 16 was subjected to the same basic treatment, but went back to the diosphenol 11 instead of providing the 6α-lactone. We then repeated the reaction in the absence of oxygen and, in these conditions, lactonisation of 16 took place, but the same lactone 18 was formed, which implies the inversion of the parent configuration at C-5. This inversion could be explained if the C-5/C-6 bond breaks during the process. If this guess were correct, rearrangement of 17 could arise by reaction with KOH in the absence of oxygen. Under these conditions, in effect the cis-hydroxymesylate 17 rearranges to the desired aldehyde 19 in 56% yield.
We lastly tried to accomplish the ring contraction by pinacolinic rearrangement in acidic medium. Thus, treatment of trans-diol 7 with BF 3 ·OEt 2 gave the β-aldehyde 19 as the only rearranged product, but under the same conditions the cis-diol 16 was recovered unchanged. This behavior suggests a concerted process in which the Lewis acid is coordinated to an oxygen atom and to the proton of the vicinal hydroxyl group. The low reactivity of the cis-diol could be explained because the 6α-hydroxyl group is close to the carbonyl of the ester group and both can be linked by an intramolecular hydrogen bond that makes difficult the coordination of the Lewis acid.
The pinacolinic type acid and basic rearrangements apparently occur without stereocontrol as the β-aldehyde 19 is the only isolated epimer. However, the reaction medium makes easy the isomerisation of the possible α-aldehyde, if present, as this one is ca. 4.6 kcal/mol less stable than the β-epimer.
Shionhara and Suzuki have reported a stereospecific pinacol rearrangement promoted by Et 3 Al [8a] , and therefore, we treated our hydroxymesylates with this alane in order to obtain the epimeric α-aldehyde, but we did not succeed, as the starting material was recovered without modification. Perhaps the reason is the steric hindrance of the molecule that makes difficult the correct contact of the reactants, so that the reaction was attempted with Me 3 Al. In this case, both the trans-and the cis-6-hydroxy-7α-mesylates (6 and 17), gave the rearranged product, the desired α-aldehyde 20, but in moderate yield (46%), because the Me 3 Al also acts as an alkylating agent and the methyl derivative 21 was also obtained.
The reaction products synthesized above are C-16 epimeric mixtures, but most of the gibberellins have a double bond exocyclic to the D-ring, so we were interested in the synthesis of atisagibberellins containing the C-16 double bond. After several attempts, the best method to get the appropriate precursors retaining the double bond was the direct oxidation at C-6 of the ketone 2 enolate with oxygen [8b] (Scheme 3). A THF solution of the ketone and KHMDS/toluene was kept for one hour at -73ºC, allowing then a slow increase in temperature while oxygen was bubbled through the reaction mixture. The reaction was monitored by TLC, which allowed the detection of the 6β-hydroperoxide. This hydroperoxide suffers dismutation in the medium and when the concentration of the hydroperoxide reached the maximum, the reaction was quenched to avoid over oxidation to the diosphenol. Then the crude reaction mixture was reduced with Ph 3 P to give the hydroxyketone 22 and the diosphenol 23, which were isolated in 45% and 24% yields, respectively. Both substances are useful to our purposes and were converted into the mesylates, trans 26 and cis 27.
Lastly, the pinacolinic acid rearrangement of the trans mesylate with trimethyl alane led to the α-aldehyde 28 (9%), whereas the cis mesylate rearranged with KOH/t-BuOH in the absence of oxygen to give the β-aldehyde 29 (31%).
According to the chemical transformations described above for gummiferolic acid, the different reactivity of the atisanes is evident in comparison to other diterpenoids for which ring B contraction has been described. The difficulty to access the α face of the atisane molecules may explain this low reactivity. 
Hydrolysis of esters with KOH-MeOH:
An emulsion of the ester (1 mmol) in 10% KOH/MeOH solution (5.25 mL) was kept at room temperature overnight. The methanol was removed under reduced pressure and the crude residue diluted with water (20 mL), acidified with a 6M HCl solution and extracted with EtOAc (4x10 mL). The combined organic extracts were washed with water, a saturated solution of NaHCO 3 and brine, dried over anhydrous Na 2 SO 4 and concentrated under reduced pressure.
Reduction of ketones with NaBH 4 :
To a cooled solution (0 o C) of ketone (1 mmol) in THF/EtOH 9:1 (10 mL), NaBH 4 (227 mg, 1.2 mmol) was added. The reaction mixture was stirred at 0 o C until the starting material disappeared (TLC monitored). The solution was neutralised to pH 7 by addition of Amberlite® 16, filtered through a Celite® 545 pad and the filtrate evaporated to dryness. The residue was purified by silica gel column chromatography using n-hexane/ ethyl acetate mixtures of increasing polarity.
Acetylation of alcohols:
To a solution of alcohol (1 mmol) in pyridine (10 mL) under an argon atmosphere, Ac 2 O (20 mL) was added and kept at room temperature overnight. The crude reaction product was poured onto ice and extracted with EtOAc (3x10 mL). The organic layer was washed with water, a saturated solution of NaHCO 3 and brine, dried (anhydrous Na 2 SO 4 ) and concentrated under reduced pressure.
Mesylation of alcohols:
To a solution of alcohol (0.5 mmol) in CH 2 Cl 2 /pyridine 1:1 (10 mL) at 0 o C, MsCl (0.45 mmol) was added. The reaction mixture was stirred at 0 o C until the starting material disappeared (TLC). The crude mixture was poured into a saturated aqueous NaHSO 4 solution and extracted with CH 2 Cl 2 . The organic extract was washed with brine, dried over anhydrous Na 2 SO 4 and the solvent removed under reduced pressure. The crude products were purified by silica gel column chromatography using n-hexane/ethyl acetate mixtures of increasing polarity Methyl 7-oxo-ent-atis-16-en-19-oate (2) : To an ethereal solution of 1 (2.0 g, 5.0 mmol), a solution of diazomethane in ether was added until TLC showed complete transformation of the acid. Then the solvent was removed under reduced pressure and the 19-methyl ester obtained (2.0 g, 4.8 mmol) was treated with a 10% KOH solution in methanol (25 mL), according to the general procedure described above. The crude 7β-hydroxy methyl ester (1.5 g, 4.5 mmol) in dichloromethane (22.5 mL) was oxidized with PDC (3.4 g, 9.0 mmol) at room temperature for 14 h. The reaction product was filtered through a Celite® 545 pad, evaporated to dryness and purified by silica gel column chromatography (n-hexane/ethyl acetate 7:3) to give 1.5 g of ketone 2 (91% Compounds 3 and 4: To a solution of 2 (1.9 g, 5.7 mmol) in dichloromethane (50 mL), 1.0 g of 5%-Pd/C was added. The reaction mixture was vigorously stirred at room temperature under a H 2 atmosphere for 2 h and then filtered through a Celite® 545 pad. The filtrate was evaporated to dryness and the 16-saturated ketone (1.9 g, 5.7 mmol) was isolated. To a solution of this compound (800 mg, 2.4 mmol) in benzene (15 mL), lead tetraacetate (740 mg, 4.8 mmol) and BF 3 •Et 2 O (1.15 g, 16 mmol) were added. The reaction mixture was stirred at room temperature during 24 h and then a saturated aqueous solution of Na 2 S 2 O 3 (5 mL) was added and stirred for 20 min. The reaction product was extracted with EtOAc (3x10 mL) and the combined organic extracts were washed with water, dried (anhydrous Na 2 SO 4 ), concentrated to dryness and the residue purified by silica gel column chromatography (n-hexane/ethyl acetate 8:2) to afford 350 mg of compound 3 (37%) and 405 mg of 4 (51%). 
Methyl
-
Compounds 5 and 5':
According to the general procedures, reduction of 3 (400 mg, 1.0 mmol) with NaBH 4 (227 mg, 1.2 mmol) in THF/EtOH (9:1), followed by reaction with MsCl (440 mg, 4 mmol) in pyridine, afforded 395 mg (81%) of a 2.5:1 mixture of compounds 5 and 5', from which only compound 5 was characterized, after purification by column chromatography (n-hexane/EtOAc, 8:2).
Methyl (16α/βH) 7α-Acetoxy-6β-methanesulfonoyl-ent-atisan-19-oate (5') Rf : 0.40 (n-hexane-EtOAc, 8:2). IR (film): 2938, 1744, 1726, 1464, 1445, 1371, 1343, 1262, 1238, 1165, 1092, 1045, 982, 937, 870, 841, 818 
Compounds 7 and 16:
To a solution of compound 11 (400 mg, 1.16 mmol) in CH 2 Cl 2 (15 mL), 1.0 g of 5%-Pd/C was added. The reaction mixture was vigorously stirred at room temperature under a H 2 atmosphere for 24 h and then filtered through a Celite® 545 pad. The filtrate was evaporated to dryness and both 6β-hydoxy-7-oxo-and 7α-hydroxy-6-oxo derivatives were obtained in 25% and 50% yields, respectively. The reduction of each one with NaBH 4 , according to the general procedure, afforded, after purification by column chromatography (n-hexane-EtOAc, 8:2), 120 mg of trans-diol 7 (83%) and 150 mg of cis-diol 16 (75%). /βH) 6β,7α-dihydroxy-ent-atisan-19 Methyl (16α/βH) 6β-hydroxy-7α-methanesulfonoyl-ent-atisan-19-oate (6) Rf : 0.16 (n-hexane-EtOAc, 7:3). IR (film): 3356, 2944, 2870, 1724, 1462, 1339, 1262, 1231, 1169, 1098, 1024, 980, 957, 932, 835, 702 Methyl (16α/βH) 6α-hydroxy-7α-methanesulfonoyl-ent-atisan-19-oate (17) Rf : 0.33 (n-hexane-EtOAc, 7:3). IR (film): 3399, 2930, 2870, 1699, 1456, 1350, 1260, 1233, 1171, 1109, 1057, 961, 924, 876, 839, 737 (16α/βH) 6αH-7α-Methanesulphonoyl-ent-atisan-19,6α-olide (18): By successive treatments with Ac 2 O/pyridine, KOH/t-BuOH, and MsCl, following the general procedures, compounds 7 and 16 (120 mg, 0.25 mmol) afforded 60 mg of lactone 18 (59%) and 60 mg of diosphenol 11 (70%), after chromatography on silica gel (n-hexane/EtOAc, 9:1). In the same conditions, but using KOH/t-BuOH in theabsence of oxygen, compound 16 (120 mg, 0.25 mmol) yielded 50 mg of lactone 18 (49%). Rf: 0.28 (n-hexane-EtOAc, 8:2). IR (film): 2953, 2870, 1732, 1780, 1500, 1352, 1117, 1080, 932, 847, 737 Methyl (16α/βH) 5β-hydroxy-6,7-dioxo-ent-atisan-19-oate (12): To a solution of the enone 4 (500 mg, 1.5 mmol) in a 5:4:1 mixture of CH 3 CN/EtOAc/H 2 O (10 mL), NaIO 4 (800 mg, 3.75 mmol) and RuCl 3 •H 2 O (62 mg, 0.3 mmol) were added and then stirred at room temperature until the starting material disappeared (by TLC). A saturated aqueous solution of Na 2 S 2 O 3 (10 mL) was added and the reaction mixture was stirred for 20 min and extracted with EtOAc (3x5 mL). The combined organic extracts were washed with water, dried (anhydrous Na 2 SO 4 ), concentrated to dryness and the residue purified by silica gel column chromatography (n-hexane/ethyl acetate 8:2) to afford 200 mg of 12 (37%). Rf : 0.34 (n-hexane-EtOAc, 8:2). IR (film): 3482, 2951, 2870, 1732, 1715, 1464, 1377, 1308, 1262, 1161, 1098, 1030, 991, 916, 828, 774 General procedure for the basic pinacolinic rearrangement: The corresponding compound (1 mmol) in an ethanolic solution of the base (10 mL) was refluxed until the starting material disappeared (by TLC) and then the solvent was removed under reduced pressure. The crude residue was diluted with EtOAc (10 mL), acidified with a 6M HCl solution and stirred for 20 min at room temperature. The residue was extracted with EtOAc (3x5 mL) and the combined organic extracts were washed with water, dried (anhydrous Na 2 SO 4 ), concentrated to dryness and purified by silica gel column chromatography.
Methyl (16α

Rearrangement of 5 and 5':
A mixture of compounds 5 and 5' (395 mg, 0.84 mmol), with KOH/MeOH as the basic solution, afforded, after chromatography on silica gel (n-hexane/EtOAc, 9:1), compounds 8 (150 mg, 53%) and 8' (60 mg, 18%), respectively. Methyl (16α/βH) 6β,7β-epoxy-ent-atisan-19-oate (8') Rf: 0.53 (n-hexane-EtOAc, 8:2). IR (film): 2951, 2868, 1728, 1462, 1435, 1375, 1350, 1316, 1256, 1231, 1202, 1161, 1140, 1117, 1057, 982, 893, 866, 829, 772 
Methyl (16α/βH
Rearrangement of 17:
Compound 17 (20 mg, 0.34 mmol) was refluxed in deoxygenated KOH/t-BuOH and then esterified with diazomethane in ether to afford 9 mg of aldehyde 19 (56%), after chromatography on silica gel (n-hexane/EtOAc, 9:1).
Methyl (16α/βH) 7αH-6-oxo-ent-atisagibberellan-19-oate (19) 8:2) . IR (film): 2924, 2868, 2712, 1464, 1215, 1167, 1144, 1034, 988 , 822 cm -1 .
Rearrangement of 18:
Treatment of the lactone 18 (50 mg, 0.13 mmol) with KOH/t-BuOH, according to the general procedure, followed by esterification with diazomethane, afforded, after chromatography on silica gel (n-hexane/EtOAc, 9:1), 32 mg of the β-epoxide 8' (74%).
Methyl (16βH) 7β-iodo-6-oxo-ent-atisan-19-oate (9): To a solution of α-epoxide 8 (90 mg, 0.27 mmol) in THF (4 mL), LiI (110 mg, 0.81 mmol) in acetic acid (0.5 mL) was added. The reaction mixture was refluxed until the starting material disappeared (by TLC) and then was cooled and neutralized with 10% NaHCO 3 . The reaction product was extracted with EtOAc (3x5 mL) and the combined organic extracts were washed with water, dried (anhydrous Na 2 SO 4 ) and concentrated to dryness. .
Favorskii rearrangement: To a solution of 9 (35 mg, 0.08 mmol) in 1:1 MeOH/CH 2 Cl 2 (1 mL), 25.5 M NaOMe (0.01 mL, 0.28 mmol) was added, stirred for 2 h and then neutralized with 35% HCl. The reaction product was extracted with EtOAc (3x2 mL), the combined organic extracts were washed with water, dried (anhydrous Na 2 SO 4 ) and concentrated to dryness. The residue was purified by column chromatography (n-hexane/EtOAc, 9:1) and compound 10 (10 mg, 36%) was isolated as a single isomer.
Methyl (16βH) 7β-methoxy-6-oxo-ent-atisan-19-oate (10) 8:2) . IR (film): 2949, 2870, 1723, 1464, 1375, 1296, 1225, 1169, 1132, 1086 Benzylic rearrangement: A solution of 12 (90 mg, 0.25 mmol) in anhydrous THF (2 mL) was slowly added to a solution of 50% NaH (12 mg, 0.25 mmol). The reaction mixture was stirred at 0 o C until the starting material disappeared (TLC), and then was neutralized with a saturated solution of NH 4 Cl. The crude reaction product was extracted with EtOAc (3x2 mL), and the combined organic extracts were washed with water, dried (anhydrous Na 2 SO 4 ) and concentrated to dryness. The residue, after column chromatography (n-hexane/EtOAc, 9:1), afforded compound 13 (70 mg, 78%). This β-lactone is unstable at room temperature and was transformed into the ketone 14.
Subject to the same reaction conditions, but quenching the reaction with Ac 2 O (0.24 mmol), compound 12 (50 mg, 0.14 mmol) afforded 30 mg of lactone 15 (53%), after column chromatography (nhexane/EtOAc, 8:2).
Methyl (16α/βH) 6-oxo-7-nor-ent-atisagibberellan-19-oate (14) Rf: 0.70 (n-hexane-EtOAc, 8:2). IR (film): 2953, 2868, 1732, 1462, 1373, 1200, 1167, 1138, 1049, 991, 976, 878, 737 2949, 2872, 1836, 1763, 1732, 1464, 1435, 1373, 1262, 1225, 1165, 1144, 1099, 1067, 972, 912, 845, 802, 735 (1 mmol) in BF 3 •OEt 2 (10 mL) was stirred at room temperature until the starting material disappeared (TLC). The reaction mixture was diluted with CH 2 Cl 2 , cooled to 0 ºC, treated with a saturated solution of NaHCO 3 and extracted with CH 2 Cl 2 (3x5 mL). The combined organic extracts were washed with water, dried (anhydrous Na 2 SO 4 ), concentrated to dryness and the residue purified by silica gel column chromatography. Method B: To a solution of hydroxymesilate (1 mmol) in CH 2 Cl 2 (10 mL) at -78 ºC, 2M Me 3 Al in n-hexane (2.5 mL, 5 mmol) was slowly added. The reaction mixture was stirred at room temperature until the starting material disappeared (TLC), and then 3 drops of a saturated solution of NH 4 Cl were added. Once the reagent had been destroyed, the residue was extracted with EtOAc (3x5 mL), washed with water, dried (anhydrous Na 2 SO 4 ), concentrated to dryness and purified by silica gel column chromatography.
Rearrangement of 7:
According to method A, compound 7 (20 mg, 0.06 mmol), by treatment with BF 3 •OEt 2 (1 mL), afforded the aldehyde 19 (12 mg, 63%) after chromatography (n-hexane/EtOAc, 9:1). This compound was identical to that obtained from 17 by rearrangement with KOH (see above).
Rearrangement of 6 and 17: According to method B, compound 6 (20 mg, 0.06 mmol) in CH 2 Cl 2 (1 mL) at -78 º C was treated with Me 3 Al (0.15 mL) to afford 10 mg of aldehyde 20 (46%) and 12 mg of the methylated product 21 (57%), after chromatography on silica gel (n-hexane/EtOAc, 9:1). These compounds were also obtained in 14% and 19% yields, respectively starting from 17 (25 mg, 0.06 mmol).
Methyl (16α/βH) 7βH-6-oxo-ent-atisagibberellan-19-oate (20) Rf: 0.56 (n-hexane-EtOAc, 8:2). IR (film): 2922, 2868, 1730, 2712, 1705, 1464, 1375, 1227, 1190, 1163, 1109, 982, 814, 733 
Compounds 22 and 23:
To a solution of the ketone 2 (2.56 g, 1.5 mmol) in THF (78 mL) at -70 º C, a 0.5 M KHMDS solution in toluene (31 mL) was added under an argon atmosphere. The reaction mixture was stirred for 1h and then an oxygen stream was bubbled through it until the starting material disappeared (TLC). The solution was then poured into a cold NH 4 Cl solution, acidified with 5% HCl and extracted with EtOAc (3x50 mL). The combined organic extracts were washed with water, dried over anhydrous Na 2 SO 4 and concentrated to dryness. The residue (2.86 g) was dissolved in diethylether (45 mL), and triphenylphosphine (1.46 g, 23.2 mmol) was added. The reaction mixture was stirred during 30 min at room temperature and then filtered through a celite® 545 pad. The filtrate was concentrated and purified by silica gel column chromatography (n-hexane/ethyl acetate 95:5) to afford the hydroxyketone 22 (1.20 g, 45%) and the diosphenol 23 (0.63 g, 24%).
